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The surface orientation of lead an~ bismuth crystals were monitored during freezing and growth from the melts. The dominant surface structures which formed upon freezing were dependent on the cooling rate. Slow rates • (:5, O.5°C/sec) favored the formation of the Pb(lll) and Bi(Oli2) . surfaces while during rapid cooling (> O. 5°C/ sec) the Pb(lOO) and Bi(OOOl) crystal faces have predominated.
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Introduction
The thermodynamic parameters which characterize the melting process . .
(6H 6S 6V
etc.) have been well established for most fusion ' fusion' fusion' monatomic and diatomic solids. Detailed discussions of the thermodynamics of melting are available (1, 2) along with recent improvements of the thermo,... dynamic data~l)The kinetics of melting however, that is the mechanism by which the melting interface moves into the bulk of the solid, has been investigated to a much lesser extent. Although several theories of melting have b~en proposed, (3, 4, 5, 6 ) the exper~ental information which would allow one to develop a realistic mechanism of melting has been accumulating only in the past several years. There are at least two melting theories (7, 8) which indic~te that the surface properties are important in understanding the mechanistic aspects of the melting process.
Recent kinetic studies of superheating (9,lO) have shown that surfaces play important role in initiating or nucleating melting. Studies in this laboratory, (11, 12, 13) and in others, (14,15)of the mean square displacement of surface atoms by measuring the temperature dependence of the low energy electron diffraction beam intensities have shown that for s'everal .7 monatomic face centered cubic metals the mean square displacement of atoms in the s~face is appreciably larger than the mean square displacement of atoms in the bulk. Since there is at least one model of melting (16, 17) which indicates that the mean square displacement plays an important role in determining the melting temperatures, these results indicate that surfaces m,3.y qisorcler(i.e. lose their long range order) at temperatures belo"T J..;tle Dulk tnelting -point.
an In order to explore the importance of surfaces in the melting 'process arid to investigate whether the surfaces premelt (that is, melt ata temperature below the bulk melting point) we undertook low energy electron diffraction studies to monitor the surface structure up to the melting point, and the order-disorder phenonmena on the surface at the melting point. We have • chosen in these studies lead, bismuth, and tin single crystal surfaces.
These metals were particularly suitable for low energy electron diffra~tion studies which have to be carried out in ultra high vacuum since they have .
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very low vapor pressure « 10 torr) at their respective melting points.
There are, however, important differences in many physical-chemical properties of these materials. They have different crystal structures.
Lead and tin, like most solids, expand upon melting. Bismuth undergoes a negative volume change on melting; it contracts. Thus, we can study the effect, if any, of these properties on the melting and freezing kinetics. We have studied the melting of the (111), (100) and (110) crystal faces of lead, the (0001) and (oli2) faces of bismuth and the (110) crystal face of tin.
. ' .
We have found that the surface structures remained unchanged and long range order in these surfaces was maintained up to their respective bulk melting temperatures for all ~he crystal faces studied. From the results of our stUdies and from experimental studies of melting kinetics of different types on other materials by several investigators, a more complete physical picture of melting seems to emerge.
• These data are summarized in the hope that it will foster the development of a more rigorous melting theory. A strong correlation between the rates of, freezing and the surface orientation of the growing crystallites of lead and pismuth has also been established.
•
A modified low energy electron diffraction unit of the postacceleration type was used in these studies. Ambient pressures of 2-5 x 10-10 torr were obtained and maintained during most of the melting experiments.
Single crystals of the highest available purity were used in these studies.
Spectroscopic analysis has shmm copper, iron and tin impurities in 10 to 10 3 ppm concentrations to be present in lead while impurities in the 1.;10 ppm range were reported in bismuth or tin. The crystals were oriented by X-ray diffraction, and spark-cut. Chemical etchings of the single crystal surfaces were carried out using glac"ial acetic acid and 30% hydrogen peroxide (2:1) for lead, concentrated hydrochloric acid followed by a mixture of nitric acid, glacial acetic acid and glycerin (1:3:5) for tin, and using concentrated nitric acid for bismuth surfaces.
The samples were used in the form of cylinders (5 x 7 rom) or di'scs (4 x 20 rom).
The holders which were used to support the Single crystal samples were high purity-iron for bismuth and lead and high purity molybdenum for tin.
The crucibles were machined to fit each crystal snugly to insure good thermal contact and to prevent the sample from moving during ion bombardment. bismuth is 271°C and Tm'for tin is 232°C), heating resistively or by thermal imaging could be adequately controlled to within ±l degree.
The temperature was measured continously during the course of the experiments using a thermocouple attached to the crucibles. In these studies, the diffraction patterns of the different crystal • £aces of lead, bismuth, and tin were monitored visually and by the photometer as a function of temperature up to and at the melting temperature.
The diffraction spot intensities decreased monatomically according to the temperature dependence predicted by the Debye-Waller factor but were always detectable until the bulk melting point was reached. In every experiment the diffraction pattern remained intact until,at the bulk melting point, the molten i'nterface reached that region of the surface where the 'electron beam was focused. Then, the diffraction spots disappeared. In one experiment using a large Pb disc, a temperature gradient was introduced along the surface such that melting connnenced near one edge of the disc and the melting front proceeded across the surface very slowly ( it took about 20 minutes to melt the entire disc).
By suitable manipulation of the trimming magnets, the electron beam was focused near the hottest part of the crystal and as the pattern from this area disappeared due to melting the beam was moved to an adjacent still solid portion and diffraction pattern was again obtained until .
that region melted and so forth. In a particular experiment with Bi, heating was perfbrmed from the bottom. Since the solid is less dense than the liquid, the surface solid remained intact and floated on the molten bismuth beneath. As the crystal melted completely the last solid portion would float around on the liquid and the diffraction spots would move
The melting of the Pb(]~O) surfa.ce was studied with particular care
since it is the lowest density and the highest 'slTfa.ce free energy surface of the three lead crystal faces studied. In fact, once melted, . .
.'
UCRL-19l52 -9-the (110) orientation has never appeared on the recrystallized lead samples. Nevertheless, the (110) surface proved to be ordered and, stable to the bulk melting point of lead just like the (lll) and (100) crystal faces.
Lead has a face centered cubic structure while bismuth has a rhombic crystal structure. The bismuth lattice is similar to a simple cubic lattice which is slightly distorted. The Bi(OOOl) face corresponds to a pseudo-cubic (lll) orientation while the Bi(01l2) face is a pseudocubic (100) crystal face. Lead, unlike bismuth expands on melting.
It appears that the surface melting characte:ristics are not influenced by the differences in crystal structure or volume change during fusion. 
C. Studies of Freezing of Molten Lead and Bismuth
These investigations were performed to discover the experimental parameters which influence the surface structure of recrystallized metals and their kinetics of freezing and growth. Studies of the surface· structures of metal crystals during refreezing should provide a great deal of information on the mechanism of crystal growth from the melt. The molten lead and bismuth were cooled using cooling rates in the range of 2°C per second to .02°C per second. It was found th&,t du.ring freezing more than one crystallite fo:cmed. These crystallites -were J.1Ucleatcd at the holder walls, as expected. Although the size of these crystallites varied, most Their theory is reasonable in predicting a melting transition with the appropriate physical characteristics. Applying this model using a pseudo-potential for metals might provide reasonable quantitative predictions for the melting properties. The addition of more realistic potentials may also make possible better descriptions ·of the kinetic barriers which cause substances to superheat and undercool or selectively melt at certain sites along certain crystallographic directions. Born (4) has conside:ced the major difference bet"l-Teen the solid and the liquid phase · UCRL-19152.
-16-is a lack of resistance of liquids to low frequency shearing stresses.
Using the elastic continuum model he predicts that melting commences when (24) who viewed vacancies as the key defects rather than dislocations, also leads to reasonable predictions of some of the melting parameters.
We have found that slow freezing rates yielded dominantly the 
